The transmembrane heterotrimer complex 10.4K/14.5K, also known as RID (for "receptor internalization and degradation"), is encoded by the adenovirus E3 region, and it down-regulates the cell surface expression of several unrelated receptors. We recently showed that RID expression correlates with down-regulation of the cell surface expression of the tumor necrosis factor ( 
For their survival, most human viruses have developed diverse strategies to overcome host defenses, including the inflammatory responses of the innate immune system (49, 55, 72) . Some viruses have developed antiapoptotic functions: human herpes simplex virus type 1, for example, expresses at least seven proteins capable of modulating apoptosis in herpes simplex virus-infected cells (4) . Other viruses inhibit specific signaling pathways by coding for soluble receptor mimics that block specific receptors by competing with their ligands (2, 52) or by down-regulating the expression of cell surface receptors. Components of the tumor necrosis factor alpha (TNF-␣) signal transduction pathway are a recurrent target for viral immune evasion because of their central roles in mounting innate and adaptive immune responses (8, 9) . For instance, TNF-␣ signaling is inhibited by the hepatitis C viral protein NS5A that binds TRAF2 (57) ; human cytomegalovirus infection down-regulates TNF receptor 1 (TNFR1) cell surface expression by an unknown mechanism in human monocytic and U373 astrocytoma cell lines (5) ; the Epstein-Barr viral protein BZLF1 represses directly the TNFR1 promoter (51) ; and poxvirus N1L protein blocks TNF and interleukin-1 (IL-1)-Toll signaling mainly by binding to TBK1 (22) .
Adenoviruses (Ads) are important human pathogens (33) and have been used extensively as vectors for gene transduction and gene therapy (37) . Their versatility has also made them candidate vectors for generating vaccines against various pathogens (15) . After natural infection, some Ad serotypes persist in tonsillar tissue for years (41) . Ads have thus developed several mechanisms to circumvent the host strategies of viral elimination. Most of the viral proteins involved in immunoregulatory functions are coded by the early expression cassette E3, from which at least seven proteins are expressed (for recent reviews, see references 27, 34, 48, and 74) . For instance, gp19K blocks major histocompatibility complex class I antigen presentation by sequestering it in the endoplasmic reticulum (16) . The 14.7K protein inhibits apoptosis-induced by TNF-␣ in murine cells by unknown mechanisms (28, 32) , and it interacts with four unrelated cellular proteins, as shown by yeast two-hybrid experiments (46) . The 10.4-14.5K complex, also known as RID (for "receptor internalization and degradation"), blocks TNF-␣-induced cytolysis (65) , inhibits release of arachidonic acid induced by TNF-␣ in murine cells (42) , and down-regulates the cell surface expression of FAS (25, 62) , TRAIL-R1 and -R2, all members of the TNFR superfamily (10, 68) , as well as epidermal growth factor receptor (67) , in several cell lines. A tyrosine-sorting motif (YXX⌽) in RID␤ (14.5K) was shown to be essential for FAS-and TRAIL-R1-induced internalization (47) . In addition, a cytosolic dileucine transport motif in the RID␣ subunit (10.4K) is essential for the function of RID in FAS, TRAIL-R1, and epidermal growth factor receptor cell surface down-regulation in human cell lines (30) . Although there have been contradictory reports on the effect of RID on TNFR1 levels, we recently demonstrated a pronounced decrease in cell surface expression of TNFR1 in human 293 and HeLa cells (26) . Furthermore, our recent data suggest that RID associates with TNFR1 at the cell surface and causes it to be internalized by a clathrin-mediated mechanism (19) .
We had previously demonstrated the anti-inflammatory properties of the AdE3 region in vivo in two different murine models. First, we showed that transgenic expression of E3 genes in pancreatic islets prolonged the survival of the islets transplanted under the kidney capsule of allogeneic recipients (24) . Second, in the lymphocytic choriomeningitis virus mouse model of autoimmune diabetes, the transgenic expression of E3 in islets, directed by a tissue-specific promoter (rat insulin promoter), prevented the onset of diabetes induced by infection with lymphocytic choriomeningitis virus (71) . Similarly, transgenic expression of E3 in islets of NOD mice delayed the onset of autoimmune diabetes (24) . In both cases, the analysis of histological specimens showed a substantial decrease in mononuclear cell infiltration surrounding the islets expressing the E3 cassette. These observations indicated that E3 expression could affect the process that drives monocytic cells to the allogeneic transplant or to the target of autoimmunity. A recent report also showed that infection of a human cell line with an adenovirus vector expressing only AdE3 genes prevented its rejection when xenotransplanted to immunocompetent mice (69) .
At the site of an injury or infection, the early phase of inflammation entails the activation of signal transduction pathways mediated by cytokines, chemokines, and derived bacterial components. Increased levels of proinflammatory cytokines such as TNF-␣ and IL-1␤ are hallmarks of an inflammatory response. TNF-␣, a proinflammatory stimulus, is produced in response to injury or infection mainly by macrophages and NK cells as well as infiltrating T lymphocytes. IL-1␤, also a proinflammatory stimulus, is also produced in response to injury or infection primarily by macrophages and epithelial cells. One potent inducer of these cytokines is lipopolysaccharide (LPS) or endotoxin, a component of the cell wall of gram-negative bacteria. A common downstream target activated by proinflammatory cytokines as well as LPS is the transcription factor NF-B (11, 29) , which is involved in a vast array of intracellular processes in almost all cell types. AP-1 and p38 are other ubiquitous transcription factors stimulated by proinflammatory signals in some cells (36) .
The main cell types that respond to injury and inflammation in the brain are part of the glia, a supportive network constituted of astrocytes, microglia, and oligodendroglia. Astrocytes have diverse functions in the brain; they represent the most abundant glial constituent and play a central role in maintaining local tissue homeostasis. The proinflammatory program of astrocytes has been extensively characterized in studies focusing on specific downstream targets as well as more global transcriptional changes by microarray analysis (40, 56, 61) . Astrocytes can be activated by proinflammatory stimuli, and one of the outcomes is up-regulation of chemokine production (58, 59, 64) . Chemokines are small secretable proteins whose function is to direct immune effector cells to the site of inflammation (21) . Astrocytes respond to cytokines such as TNF-␣ and IL-1␤ but are also highly responsive to LPS (7, 14, 35) . Thus, the human astrocytoma cell line U373 provides an excellent model for studying the effects of RID upon stimulation with these ligands (44, 66) . In a previous report, we demonstrated that transduction of U373 cells with the entire E3 cassette prevented the expression of TNF-␣-induced chemokines such as monocyte chemoattractant protein (MCP-1) and IL-8 (44) . We subsequently showed that this activity maps to RID, and here we demonstrate that RID mediates this activity by down-regulating cell surface levels of the TNFR1. In addition, we wanted to test whether proinflammatory cascades triggered by other factors such as IL-1␤ and LPS are affected by RID. Both IL-1␤ and LPS share significant portions of the signaling pathways downstream of the respective receptors, namely, IL-1R and Toll-like receptor 4 (TLR4), including the adaptor molecules required to stimulate signaling (45) . However, we find that RID expression has differential inhibitory effects on IL-1R and TLR4 signaling. In both situations, the activation of NFB and AP-1 is inhibited by RID. In contrast, while the up-regulation of chemokines MCP-1 and IL-8 induced by LPS is abolished by RID, the same chemokines up-regulated by IL-1␤ are only marginally affected. Interestingly, the inhibition of TLR4 signaling by RID does not involve receptor down-regulation on the cell surface, suggesting a novel mechanism of action to achieve a reduction in LPSmediated inflammation.
(Data in this paper are from a thesis to be submitted by Fernando Delgado-Lopez in partial fulfillment of the requirements for a Ph.D. from the Albert Einstein College of Medicine, Yeshiva University, Bronx, N.Y.)
MATERIALS AND METHODS

Cells and viruses.
The human astrocytoma cell line U373 was grown in alpha minimal essential medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin; the same medium was used for growing the A549 human cell line. HEK293 and HeLa cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with FBS and antibiotics. All four cell lines were obtained from the American Type Culture Collection, Rockville, MD. Adenoviral infections were performed in six-well plates with cells at 95% confluence in 1 ml of alpha minimal essential medium supplemented with antibiotics and 10% FBS. Mutant adenoviral vectors expressing, under cytomegalovirus promoter control, RID only, 14.7K protein only, RID plus 14.7K, the entire E3 cassette, or null virus (expressing none of the E3 proteins) were derived from Ad rec700 and kindly provided by W.S. Wold (70) . Viruses were added directly to the plate at a concentration of 500 particles/cell (p/cell) (1 PFU equivalent to 50 particles) or at the concentrations indicated. Human recombinant TNF-␣ (R&D Systems) at 10 ng/ml, human recombinant IL-1␤ (R&D Systems) at 5 ng/ml, or Escherichia coli LPS (Sigma) at 100 ng/ml was added at the times indicated in the corresponding figures. Phorbol myristate acetate (PMA) and okadaic acid were obtained from Biomol.
Virus isolation and purification. Serial dilutions in 300 l of DMEM were adsorbed to a monolayer of 293 cells growing at about 95% confluence in 60-mm dishes. After an hour, the cells were overlaid with 5 ml of warm 0.9% agar in DMEM and kept in the incubator at 37°C. Fresh medium was added every 2 days, and plaques were isolated after 8 to 15 days postinfection. The plaquepurified virus was expanded in 293 cells. The virus was extracted from approximately 1 ϫ 10 9 cells. Infected cells were pooled and resuspended in 10 mM TRIS (pH 8.1), lysate was extracted with Freon three times, and the final phase was layered on top of a linear CsCl gradient in 10 mM TRIS (pH 8.1). After 4 h of centrifugation at 23,000 rpm in a SW-28 Beckman rotor, the viral band was isolated and transferred to a fresh CsCl gradient for a second round of centrifugation and isolation. The concentration of the virus was determined by the optical density at 260 nm.
Western blotting. Cells were lysed in 250 l of electrophoresis loading buffer (50 mM Tris-HCl, 100 mM dithiothreitol, 2% sodium dodecyl sulfate [SDS], 0.1% bromophenol blue, 10% glycerol), boiled at 100°C for 3 min, and sonicated. Samples of the extracts were separated using SDS-polyacrylamide gel electrophoresis, and the proteins were transferred to a nitrocellulose membrane for 1.5 h in 20 mM Tris (pH 8)-150 mM glycine at room temperature (RT). The membrane was blocked for 30 min at RT in blocking buffer (1ϫ phosphatebuffered saline[PBS], 5% nonfat milk), washed several times with PBS, and incubated overnight at 4°C with the appropriate antibodies diluted in blocking buffer. After several washes the blot was incubated for 1.5 h at RT with horseradish peroxidase-conjugated antibody diluted 1:3,000 in 2%milk:PBS. Proteins were detected with ECL chemoluminescence (PerkinElmer). Polyclonal antibody for RID␤ was raised against the C terminal of RID␤ (CEISYFNLTG GDD) and produced by Genemed Synthesis Inc. Polyclonal antibodies against TNFR1, TLR4, FAS, IB␣, phospho-c-Jun, and ␤-tubulin were obtained from
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Santa Cruz Biotechnology. Anti-phosphoserine-536-p65 and anti-phospho-p38 were purchased from Cell Signaling Technologies. Horseradish peroxidase-conjugated anti-rabbit and anti-mouse immunoglobulin G was purchased from Amersham Biosciences. Biotinylated mouse anti-TNFR1 and its biotinylated isotype control were purchased from BD Bioscience. RNase protection assays (RPAs). Total RNA was extracted from U373 cells by use of TRIzol reagent (Life Technologies) per the suggested protocol. In brief, the cells were lysed with 1 ml TRIzol reagent on the plates and then mixed with 0.2 ml of chloroform in Eppendorf tubes, shaken by hand, allowed to stand at room temperature for 5 min, and then centrifuged at 10,000 rpm at 4°C for 15 min. The supernatants were collected and precipitated with isopropanol at Ϫ80°C for 15 min and centrifuged at 14,000 rpm at 4°C for 25 min. The pellet was washed with 70% ethanol at room temperature, dried, and resuspended in 10 l of Ambion nuclease-free water. The yield of the RNA was measured by optical density at 260 nm.
RPAs were performed using an RPA III kit (Ambion) and probes labeled using a Maxiscript T7 kit (Ambion). The multiprobe template set hCK-5 (Pharmingen) was transcribed using T7 RNA polymerase with [ 32 P]UTP (AmershamPharmacia), phenol chloroform extracted, precipitated with ethanol and ammonium acetate, and resuspended in 70 l hybridization buffer. Five micrograms of sample RNA was hybridized with 1.5 l of probe overnight at 44°C. Samples were then digested with RNase A/T1 for 30 min at 37°C. RNase was inactivated, and the samples were precipitated with proprietary buffer and ethanol. Protected samples were resuspended in 1ϫ loading buffer and separated by 5% acrylamide-8 M urea gel electrophoresis. After drying, the gel was exposed to Kodak film (mass spectrometry).
FACS analysis. Cells were placed on ice for 10 min before washing twice with cold PBS and then incubated with 1% BSA for 10 min, followed by a 10 min incubation with FB (2% FBS in PBS), always on ice. Biotin-anti-TNFR antibody was used at 0.5 g/ml for 30 min, cells were washed three times, and then phycoerythrin-streptavidin (Molecular Probes) was added at 1 g/ml in FB for 30 min on ice. After three washes with FB, cells were fixed with 2% paraformaldehyde in PBS. Fluorescence-activated cell sorting (FACS) analysis was done in a FACSCalibur machine.
Cell surface biotinylation. U373 cells growing in 10-cm dishes at 90% confluence were infected with 500 p/cell of various adenoviral vectors and incubated for 20 h before labeling. We followed the instructions for use of a cell surface biotinylation kit from Pierce. Essentially, the monolayer was transferred to a bed of ice for 10 min and remained there during the length of the labeling. Cells were washed twice with ice-cold PBS, and 10 ml of EZ-Link Sulfo-NHS-SS-Biotin in PBS was added for 30 min. The reaction was stopped with quenching solution and the reaction mixture was washed three times; cells were then scraped and lysed for 30 min on ice with the provided lysis buffer. The lysate was clarified by centrifugation, and the supernatant was incubated for 1 h at RT with Neutr Avidin gel in a column. The beads were washed several times and finally eluted under reducing conditions with loading buffer. The eluate was concentrated 5ϫ by ultrafiltration, and 25% of the eluate was loaded on an SDS gel.
RESULTS
Proinflammatory stimuli activate NFB and AP-1 pathways and induce the expression of MCP-1 and IL-8 in U373 cells.
Four human cell lines were evaluated for responsiveness to four different potent proinflammatory stimuli. Three of these stimuli, TNF-␣, IL-1␤, and LPS, mediate their action through cell surface receptors, whereas PMA represents a cell-permeative stimulus with an intracellular site of action. All four factors are known to stimulate NF-B and AP-1 signal transduction. The assay used for testing NF-B activation examined degradation of IB␣, which normally binds the p50/p65 NF-B heterodimer and prevents its translocation to the nucleus. AP-1 activation was assayed by detecting phosphorylation of c-Jun. The four human cell lines tested were U373, 293, A549, and HeLa, which differ significantly in terms of their response to proinflammatory stimuli as well as in the extent to which AP-1 is activated (Fig. 1A) . HeLa cells responded weakly and only to TNF-␣ stimulation, as evidenced by minimal IB␣ degradation and c-Jun phosphorylation. In 293 cells, TNF and PMA elicited a strong response in both NF-B and AP-1 activation. In A549 cells, TNF-␣ and IL-1␤ stimulation degraded IB␣ efficiently, while c-Jun was only marginally phosphorylated. The astrocytoma cell line U373 is the only cell line-among the four tested-which showed consistent activation of the NF-B as well as AP-1 pathways in response to all four stimuli.
The transcription of many chemokines is regulated by NF-B-and AP-1-responsive elements in the promoters of their genes (31, 60) . We used RPA, a quantitative method of measuring steady-state levels of specific mRNAs, to analyze various chemokine transcripts. U373 cells were stimulated with TNF-␣, IL-1␤, LPS, and PMA for 4 h. Exposure to all four factors up-regulates IL-8 and MCP-1 messages to similar levels (Fig. 1B) . Fig. 2A) .
As shown previously in a study using human 293 cells (26) , FACS analysis confirmed that RID down-regulates the cell surface expression of TNFR1 in U373 cells and that the levels of cell surface TNFR1 decreased in a manner that is dose dependent on RID expression levels (Fig. 2B) . Furthermore, this down-regulation is saturable, since infection at MOIs above 1,000 particles per cell makes RID activity less efficient. A dose-response experiment showed that infection for 20 h with as few as 50 p/cell is sufficient for detection of RID and inhibition of TNF-␣ signaling (Fig. 2C) . Infection with AdNull (lacking the E3 domain) had no inhibitory effect. In contrast to cell surface expression results, the total cellular levels of TNFR1 remained the same over the course of the infection.
LPS activation of the NF-B and AP-1 pathways is slower than the rapid activation induced by IL-1␤ and TNF-␣.
In addition to IB␣ degradation, we utilized p65 phosphorylation to assess NF-B activation (p65 conveys the transactivation activity in the p50/p65 heterodimer complex of NF-B). To measure AP-1 and p38 activation, we analyzed c-Jun phosphorylation and p38 phosphorylation, respectively. Both TNF-␣ and IL-1␤ showed rapid kinetics of NF-B, AP-1, and p38 activation, reaching a maximum level at 10 min postinitiation of stimulation (Fig. 3A) consistent with previous reports (6). The downstream signaling events mediated by LPS were significantly slower, reaching complete activation only after 60 min of stimulation (Fig. 3B) . Infection with AdRID (500 p/cell) for 20 h prior to LPS stimulation completely inhibited the LPS-induced IB␣ degradation as well as c-Jun, p65, and p38 phosphorylation, while infection with AdNull (at the same MOI) had no effect on LPS-stimulated cells. Furthermore, experiments conducted to determine the induction rates of IL-8 and MCP-1 mRNA showed that TNF-␣ and IL-1␤ upregulated the expression of chemokines with faster kinetics than did LPS (Fig. 3C) .
RID inhibits IL-1␤-mediated signaling. Although the receptors and upstream adaptors of the TNF-␣ and IL-1␤ pathways are different, they both lead to the activation of the canonical NF-B and AP-1 pathways. While AdNull or Ad14.7K-expressing viruses did not have any effect on either prevention of IB␣ degradation or phosphorylation of c-Jun, p65, or p38 induced by either TNF-␣ or IL-1␤, AdRID infection prevented IB␣ degradation and c-Jun phosphorylation induced by the same cytokines. Although RID efficiently inhibited p65 and p38 phosphorylation induced by TNF-␣, it only partially inhibited the phosphorylation of p65 or p38 induced by IL-1␤ (Fig. 4) . Non-receptor-mediated activation of NF-B and AP-1 by PMA or okadaic acid is not affected by RID. The activation of NFB by phorbol esters and okadaic acid has been previously described (43, 63) . These small cell-permeative molecules activate signaling without the mediation of a cell surface receptor. PMA activates protein kinase C (20) , while okadaic acid inhibits the PP2 family members of serine/threonine phosphatases (23) . We found that RID does not have an impact on PMA-or okadaic acid-mediated activation of the NFB and AP-1 pathways, as judged by the fact that IB␣ degradation and c-Jun phosphorylation are unaffected (Fig. 5) . This supports the notion that the target for RID action is a receptor proximal to PMA and okadaic acid action.
RID strongly inhibits induction of chemokines by LPS and TNF-␣ but not that by IL-1␤. Transduction of U373 cells with the entire AdE3 cassette inhibits chemokines induced by TNF-␣ stimulation (44) . Further mapping studies of the astrocytoma cell line as well as other human cell lines showed that this effect was specific to RID (data not shown). The E3 cassette and the mutant vectors expressing individual E3 proteins were also evaluated in the context of IL-1␤, LPS, or PMA stimulation. In contrast to the robust inhibition by RID of signaling and chemokine expression triggered by TNF-␣ and LPS and the significant inhibition of IB␣ degradation and c-Jun activation triggered by IL-1␤, the chemokines up-regulated by IL-1␤ were not affected to the same extent (Fig. 6) . Specifically, while IL-8 and MCP-1 messages were completely suppressed by RID after TNF-␣ or LPS stimulation, the same chemokines, when stimulated by IL-1␤, were only marginally FIG. 3 . TNF-␣ and IL-1␤ activate NF-B, AP-1, and p38 pathways with similar kinetics distinct from that of LPS. A) Kinetics of TNF-␣ (10 ng/ml) or IL-1␤ (5 ng/ml) stimulation in U373 cells after 0 to 120 min at 37°C and Western blot evaluation of (from top to bottom) c-Jun phosphorylation (P-cjun), IB␣ degradation, p65 phosphorylation, and p38 phosphorylation. B) RID inhibits NF-B, AP-1, p65, and p38 pathways activated by LPS (100 ng/ml). Cells were infected with AdNull (lanes 1 to 3) or AdRID (lanes 4 to 6) at 500 p/cell 20 h before stimulation for the indicated times with LPS at 37°C. C) Chemokine up-regulation kinetics in the presence of 10 ng/ml TNF-␣ (lanes 2 to 5), 5 ng/ml IL-1␤ (lanes 6 to 9), and 100 ng/ml LPS (lanes 10 to 13). Total RNA levels were analyzed by RPA .   FIG. 4 . RID expression inhibits signal transduction by TNF and IL-1. RID inhibits NF-B, AP-1, and p38 pathways activated by TNF-␣ (10 ng/ml) and IL-1␤ (5 ng/ml). Cells were mock infected or AdNull, AdRID, or Ad14.7 infected at 500 p/cell for 20 h before stimulation for 10 min. Samples were left unstimulated (NS) or TNF-␣ or IL-1␤ stimulated as indicated. From top to bottom: phospho-c-Jun (P-cjun), IB␣, P-p65, and P-p38. inhibited. On the other hand, the fact that RID significantly disrupts IL-1␤ signaling leading to NFB and AP-1 activation but only marginally affects chemokine expression suggests that the cell surface expression of IL-1R is not affected. The differential effects of RID on three proinflammatory challenges are independent of each other. There are several alternative explanations for the observed differential effects of RID, the most likely being that IL-1␤ activates pathways in addition to NFB and AP-1 that can lead to chemokine synthesis, especially since the inhibition of IL-1␤ signaling by RID is not complete (Fig. 4A) . However, it is also possible that RID targets only one molecule or protein complex common to the receptors for those three ligands. This component could be more accessible after TNFR1 or TLR4 stimulation compared to its accessibility after IL-1R stimulation. To test this, we simultaneously stimulated U373 cells with various combinations of TNF-␣, IL-1␤, and LPS and compared the effects of RID under these circumstances (Fig. 7) . In order to appreciate the slight effect of RID on IL-1-induced chemokine expression, gels were underexposed (20 min). As shown in Fig. 7 , every time the cells were exposed to IL-1␤ stimulation, RID was unable to completely inhibit chemokine expression. This indicates that IL-1␤ has other mechanisms, unaffected by RID, to signal induction of chemokine expression.
Biotinylated human TLR4 is not down-regulated from the cell surface by RID. Despite the availability of a few commercial antibodies against TLR4, we were unable to assess the endogenous levels of this receptor in astrocytoma cells by FACS analysis, probably because of low levels of TLR4 expression on these cells or low affinity of the antibodies (73) . Therefore, we used a non-cell-permeative cross-linker to biotinylate and isolate the cell surface proteins by affinity chromatography for Western blotting experiments with specific antibodies. As shown in Fig. 8 , cell surface expression of TLR4 is not affected by RID. We measured cell surface expression of FAS, a molecule known to be down-regulated by RID, as a positive control. In addition, RID␤ was also biotinylated and isolated by the affinity protocol (Fig. 8) .
DISCUSSION
There is increasing evidence that TLRs play crucial roles in diverse pathogenic scenarios, including sepsis, asthma, transplant rejection, and several inflammatory diseases (3). Therefore, the identification of novel inhibitors of these signaling pathways will have direct clinical implications. Here, we provide evidence that the adenovirus-derived RID can block signaling induced by LPS, the ligand of TLR4, as well as signaling induced by IL-1␤. Because the intracellular domains of TLR4 and the IL-1R are highly homologous and share many downstream effectors, it was expected that RID would inhibit IL-1␤ and LPS signaling comparably. However, we found significant FIG. 6 . RID inhibits chemokines up-regulated by TNF-␣ and LPS but not IL-1␤-induced chemokines. RID blocks the up-regulation of the chemokines MCP-1 and IL-8 by TNF and LPS, with negligible effects on the same chemokines induced by IL-1 and no effect on those stimulated by PMA. The data indicate that the inhibitory effect is observed only in the presence of RID (AdE3, AdRID, or AdRID14.7) and that transduction with the control virus AdNull (no E3) or Ad14.7K (expressing only 14.7K) has no effect. Note that the viruses themselves (1,000 p/cell) did not induce chemokines. All the stimuli were added for 4 h before total RNA extraction. The labels on the left correspond to the different human chemokine probes present in the set utilized. These riboprobes were undigested and hence show slower mobility. 6) . When TNF-␣ or LPS was added together with IL-1␤, the inhibition achieved was the same as seen with IL-1␤ alone (lines 10, 12, and 16) . Note that in order to detect the minor inhibition of IL-1␤-induced chemokines the gel was exposed to the film for a very short time compared to the film shown in Fig. 6 (20 min compared to 12 h) . The observation that RID does inhibit IB␣ degradation but does not completely inhibit phosphorylation of p65 induced by IL-1␤ may be explained by the fact that p65 can be phosphorylated by kinases in pathways other than the classical NF-B pathway. Its activity can also be modulated by phosphorylations at other serine residues as well as acetylation of lysine residues (18) . Likewise, the versatility of the ways in which p65 activity is modified may help explain the small effect that RID has on the chemokine expression induced by IL-1␤. Because RID expression down-regulates the cell surface expression of several receptors, it seemed likely that the mechanism for inhibiting LPS-induced signaling and chemokine expression might involve the cell surface down-regulation of TLR4. However, cell surface biotinylation experiments showed that RID does not down-regulate the cell surface expression of TLR4. The fact that IL-1␤-induced chemokines are only marginally affected by RID provides indirect supporting evidence that the cell surface expression of the IL-1␤ receptor is also not targeted by RID. One possibility to be considered is whether U373 cells have mechanisms of response to LPS that do not involve TLR4 signaling. For example, an alternative LPS receptor might be down-regulated by RID. Others have shown that in U373 cells, LPS transduces signaling only through TLR4, specifically through Bruton's tyrosine kinase, as an essential component of the signal transduction machinery (39) . However, since there is a report showing that LPS can also signal through TLR2 (54), we did stimulate the cells with zymosan (a known ligand for TLR2) and observed neither NF-B and AP-1 activation nor chemokine up-regulation (data not shown). In addition, we also determined that TLR2 cell surface levels are not affected by RID (data not shown).
Adenoviruses have been reported to trigger NF-B activation and chemokine production (12, 13, 53) . These observations were made in the context of utilizing adenovirus as a vector for gene therapy, using very high titers of viral vectors that lack RID (most adenoviral vectors have the whole E3 cassette deleted). Under these conditions, structural components of viral capsids may induce the production of proinflammatory molecules. In our experiments, relatively low viral titers were used (in general, 500 p/cell, equivalent to 10 PFU/cell), conditions in which activation of NF-B or chemokine production is not induced by the virus itself. Likewise, we did not observe any change in cell viability or morphology under any of our conditions. In continued use of adenoviruses as vector platforms for gene delivery, it will be important to assess viral input carefully to minimize the intrinsic proinflammatory properties of the vector. It might also be beneficial to include RID (or some component of RID) in the vectors as a means to diminish the intrinsic proinflammatory characteristics of the vectors.
When combinations of the various proinflammatory challenges were tested, the levels of inhibition by RID were not altered in comparisons of its effects after stimulation with one stimulus to those resulting from stimulation with a mixture of them, which implies that RID blocks signaling from the three stimuli by targeting each of the individual pathways in a specific manner. Several strategies have been used to identify the molecular targets of RID. By comparing human astrocytoma cell lines that either overexpress or are deficient in caveolin-1, we determined that RID does not require caveolin-1 for its inhibitory effects (F. Delgado-Lopez and M. Horwitz, unpublished data). In addition, disrupting clathrin-mediated endocytosis by overexpressing a dominant-negative form of the clathrin heavy chain (50) did not affect the ability of RID to downregulate chemokine expression (Delgado-Lopez and Horwitz, unpublished). However, in 293 cells the 2 subunit of adaptor protein 2 is involved in clathrin-dependent TNFR1 down-regulation by RID (19) , a distinction that could be explained by cell type differences. Here it is pertinent to note that 293 cells do not express significant levels of chemokines regardless of the stimuli, presumably because this cell line is transformed by the adenovirus E1 expression cassette (1) . The targets of RID, other than cell surface receptors, are likely to be upstream of the IB kinase (IKK) complex, a nodal point where several kinases-activated by diverse stimuli-converge to signal IKK to phosphorylate IB␣, a reaction that signals IB␣ for degradation. This notion is supported by the inability of RID to block the signaling at the level of IB␣ in response to PMA and okadaic acid. On the other hand, upstream of IKK, the forced expression of the adaptor molecule MyD88 inhibits IL-1␤-and LPS-induced NFB activation by preventing IRAK-1 phosphorylation by IRAK-4 (17, 38) . RID, therefore, probably does not function at the level of MyD88, since it does not inhibit equivalently IL-1␤ and LPS signaling. Furthermore, since TAK-1, a mitogen-activated protein kinase kinase kinase, is the molecule in the IL-1␤ and LPS pathways where the p38 signaling and the AP-1 signaling diverge, it is possible that RID may be working downstream of TAK-1.
In conclusion, the data presented here indicate that RID targets molecules other than cell surface receptors, and this implies there are novel mechanisms for RID function yet to be resolved. Further mapping of pathway components intersecting with the RID complex should provide important informa- tion on specificity that could facilitate the use of RID for therapeutic purposes.
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